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^HORT COMMUNICATION 

Effect of nicotine and tobacco-specific nitrosamines on the 
metabolism of /V'-nitrosonornicotine 
and 4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone 
by rat oral tissue 
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The effect of N'-nitrosoanatabine (NAT) and nicotine on the 
metabolism of A r ’-nitrosonornicotine (NNN) and 4-<methyI- 
nitrosamino)-l-(3-pyridyl)T-butanone (NNK) by cultured rat 
oral tissue was investigated. The effect of NNN on NNK 
metabolism and the effect of NNK on NNN metabolism was 
also determined. NNK inhibited NNN metabolism more than 
NNN inhibited NNK metabolism. NAT inhibited the meta¬ 
bolism of NNK but not of NNN. Nicotine, which is present 
. at >500 times the levels of NNN and NNK in smokeless 
tobacco, inhibited the metabolism of both nitrosamines. 
Inhibition of 1 jtM NNN metabolism was greater than that 
( if 1 fiM NNK when the concentration of nicotine was 1, 10 
ir 100 /iM. Nicotine at 100 jxM inhibited the formation of all 
metabolites of NNN by 85—92%. These results suggest that 
NNN and nicotine may be metabolized by a common enzyme. 


N'-nitrosonomicotine (NNN*) and 4-(methylniu-osamino)-l- 
(3-pyridyi)-l-butanone (NNK) are the most abundant strong 
carcinogens present in tobacco smoke and in snuff (1). A mixture 
of NNN and NNK, applied together by prolonged swabbing of 
the oral cavity of rats, has been shown to induce oral cavity 
tumors in 8 of 30 rats (2). The ratio of NNN (136 jxg/ml) to NNK 
(28 /xg/ml) in the mixture was the same as that present in an 
aqueous extract of snuff. In a second group of animals in that 
study, snuff extract, containing 13.2 /xg/ml NNN and 2.8 /xg/ml 
NNK, did not induce oral cavity cancer. This was not surpris¬ 
ing due to the lower concentration of NNN and NNK in this solu¬ 
tion, and was consistent with the results of other studies (3), What 
was unexpected was that in a third group of animals treated with 
this snuff extract enriched with NNN (136 /xg/ml) and NNK 
C '2S /xg/ml), the incidence of oral cavity tumors was oniy 3 in 
JO rats compared to 8 of 30 rats in the group treated with NNN 
and NNK only. In a separate experiment, the levels of DNA 
methylation by NNK in the lung, liver and nasal cavity of rats 
treated with snuff extract were decreased relative to the levels 
in rats that were not pretreated (4). These observations suggest 
a possible inhibitory effect of some snuff constituents on the 
genotoxicity of NNN and NNK. 

Both NNN and NNK require metabolic activation before they 
react with biological macromolecules (Figures 1 and 2). 
Metabolism of NNK by a-hydroxylation yields reactive species 
9 and 7 which methylate or pyridyloxobutylate DNA respectively 
(1). These modified DNA bases may be important in tumor 
induction. 2'-Hydroxylation of NNN results in the same pyridyl- 
oxobutylating species 7. Inhibition of the enzymes responsible 


"Abbreviations: NNN, /V'-nitrosonomicotine: NNK! 4-<methylnilrosami[Kj)- 
l-<3-pyridyl)-l-butanone; NAT. N’-nitrosoanatabine; NNAL, 4-fmethyIniuos- 
amino)-1 -<3-pyridyl|-1 -butanol. 
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far this metabolism reduces the formation of the reactive species 
and their binding to DNA and potentially their genotoxic effects. 
Among the snuff constituents that are most likely candidates for •!. 

inhibitors of the enzymes that metabolize NNN and NNK are ■; 

the alkaloids and other nitrosamines. The major alkaloid in snuff « 
is nicotine (10—17 mg/g) and the major nitrosamines arc NNN -j 
(10—50 /xg/g) and N'-nitrosoanatabine (NAT; 3—100 /xg/g) (5). ! I 
The effects of nicotine and NAT (Figure 3) on the metabolism | 
of NNK and NNN by cultured oral tissue are reported in this .| 
paper. Wc also investigated the effect of NNN on NNK 
metabolism and the effect of NNK on NNN metabolism. $ 

The metabolites of NNK and NNN were determined by HPLC '« 
analysis of the media from cultured rat oral tissue incubated with 
[5- 3 H]NNN or [5- 3 HJNNK. The tritium label was in the % 
5-position of the pyridine ring. The conditions used to culture 
the tissue were the same as those used previously (6,7). Oral J; 
tissue was obtained from all parts of the oral cavity of F344 rats , $ 
(Charles River Breeding Laboratories, Kingston, NY). The 
tissues were washed several times with cold saline. The fragments & 

of tissue obtained freon each rat were cut into two, three or four • | 
equal pieces, 0.5 x 0.5 cm or less in size, and divided between | 

Petri dishes. [5- 3 H]NNK, 2.2 Ci/mmol (Chemsyn Science | 

Laboratories, Lenexa, KS) was added to all dishes in 0.5 ml'or | 

less saline, to give a final concentration of 1 /xM. Either nicotine 1 

(Roth-Atomergic Chemetals Corp., Farmingdale, NY) or NAT I 

(NO Chemical Carcinogen Repository, Kansas City, MO) or | 

NNN were added to give final concentrations of I, 10 and J 

100 fiM. In a second series of experiments, [5- 3 H]NNN, J 

1.06 Ci/mmol (Chemsyn) was incubated with nicotine, NAT or 
NNK at concentrations of l, 10 or 100 /xM, under the same con¬ 
ditions. NNN and NNK were synthesized as previously described 
(8,9) and were provided by Dr Shantu Amin (American Health 
Foundation), 

Aliquots of medium were withdrawn at 4 and 24 h and frozen 
at — 20°C until analyzed by HPLC. The metabolites were 
separated by reverse-phase HPLC with a radioflow detector (7). 

The average amounts of each metabolite of NNN and NNK, ex¬ 
pressed as pmoL/ml media, are listed in Table 1. These data are 
the average values of the control incubations, used in the inhibitor 
studies (from Table II and HI). The SDs of these values are 
somewhat larger than if the values had been expressed per mg 
_DNA, as in our previous study (7). The major metabolite of NNK 
was4-(methylnitrosamino)-H3-pyridyl)-l-butanol (NNAL). This 
product of carbonyl reduction was present as 50% of the total 
metabolites. NNK-W-oxide 1 was also a major metabolite (21%). 

Total a-hydroxylation products, keto alcohol 12, keto acid 13, 
diol 15 and hydroxy acid 14 accounted for 22% of the 
metabolites. The product of N-oxidation of NNAL, 2, was also 
detected (6%). In contrast, N-oxidation of NNN was a minor . 
pathway. Total a-hydroxylation of NNN by cultured rat oral 
tissue was 5.6 times the total a-hydroxylation of NNK, and ac¬ 
counted for 80% of the NNN metabolites. Norcotinine, the pro¬ 
duct of denitrosation and oxidation of NNN, accounted for 14% 
of the NNN metabolites. - 

How the different metabolic pathways—a-hydroxylation ‘ ' 
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Fig, 1. Metabolism of NNK in the F344 rats. 



Fig. 2. Metabolism of NNN in the F344 rats. 

jV-oxidation and reduction—are affected by the presence of the 
other nitrosamines and by nicotine is reported in Tables U and 
in. These data are presented as the ratio of the amount of each 
metabolite formed from NNN or NNK in the presence of nicotine 
or a second nitrosamine, to the amount of each metabolite formed 
in the presence of NNN or NNK alone. This ratio was always 
determined for the metabolites formed from equal amounts of 
tissue from the same rat. That is, each fragment of tissue from 
the rat was divided between a control and inhibitor-containing 


Tabic I. Formation of NNN and NNK metabolites by rat oral tissue 1 

Metabolites 11 

NNN' 

NICK* 


Hydroxy acid (L4) 

135 ± 10 

3,2 * 

0,5 

Keto add (13) 

233 ± 42 

51.7 ± 

16.8 

//-Oxide' 

13 ± 5.1 

96.7 ± 

2.4 

Dial (IS) 

47.3 ± 7.4 

8.2 ± 

1.9 ' 

Keto alcohol (12) 

153 ±11 

40.7 ± 

7.6 

NNAL-l-iV-oxkie (2) 

- 

24.7 ± 

2.9 

NNAL 


224 ± 

32 

NNN or NNK 

276 ± 56 

509 ± 

57 



•Tissue was incubated with l jiM [S- J H1NNN (1,06 Ci/mmol) or L jtM 
I5-*H]NNK (2,2 Ci/mmol). After 24 h the medium w« analyzed by HPLC 
and the amount of each metabolite expressed as pmol/ml media. 
b Mean ± SD (n = 4 rats). 


'Mean ± SD (n = 3 rats). 

*NNN-l-/C-oxide or NNK-1-//-oxide respectively. 


LPfi-t 


dish. Therefore, variabilities in metabolism due to differences 
between rats, the size of tissue fragments or the region of the 
mouth from which the tissue was obtained have been avoided. 
A level of metabolite outside the range of the mean ± SD 
reported in Table l would result in a minimum ratio 0.80 for 
all metabolites, except keto acid produced from NNK. For .this 
metabolite the minimum ratio would be 0.68, We have considered 
a ratio of <0.80 to indicate that inhibition of metabolism has 
occurred. 

NNN inhibits the metabolism of NNK slightly when present, 
at 100 times the concentration of NNK. The formation of keto 
acid was inhibited by 40—45% at NNN concentrations of 1, 10 
and 100 ftM. One source of keto acid when NNK is metabolized 
by rat oral tissue is oxidation of keto alcohol (5). This conversion 
also occurs during the metabolism of NNN. Therefore, the 
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Table n. The effect of NNN. NAT and nicotine on [5- J H)NNK metabolism' 


NNN (fi M> 


NAT OtM) 


Nicotine 


i 

10 

100 

1 

10 

100 

i 

10 100 

Hydroxy acid 

1.0 

0.84 

0.96 

1.0 

0.95 

0.95 

0.59 

0.43 0.29 

Keto acid 

0.60 

0.55 

0.60 

0.92 

0.73 

0.39 

0.74 

0.44 0.24 

NNAL-N-oxide 

1.0 

0.83 

0.79 

0.82 

0.62 

0.42 

0.88 

0.65 0.44 

Diol 

1.0 

0.99 

0.93 

0.89 

0.62 

0.52 

0.89 

0.72 0.63 

NNK*A/-oxide 

l.i 

0.95 

0.76 

0.91 

0.76 

0.48 

0.93 

0.74 0.56 

Keto alcohol 

1.0 

1.0 

0,88 

0.96 

0.84 

0.55 

1.0 

1.0 0.73 

NNAL 

1.0 

1.1 

1.4 

0.84 

0.79 

0-83 

1.1 

1.0 0.89 

NNK 

!.0 

10 

1.0 

1.1 

1.2 

1-2 

0.96 

0.95 1.24 

*Oral tissue was 

incubated with I pM [S- 5 H1NNK and NNN. NAT or 

nicotine at the indicated concentrations for 24 h and the media analyzed by 
HPLC. The values reported are the ratios of the amounts of each metabolite 
formed in these incubations to the amounts formed when Oral tissue Was in- 

cubated with [5- J HlNNK alone. 







Table m. The effect of NNK. NAT and nicotine on f5- 3 

'H]NNN metabolisin' 


NNK 

OxM) 


NAT 

(XM> 


Nicotine 0*M) 


1 

10 

100 

i 

10 

100 

1 

10 

100 

Hydroxy acid 

0.98 

0.78 

0.52 

0.90 

1.3 

1.2 

0.74 

0,42 

0.16 

Keto acid 

0.87 

0.70 

0.40 

0.99 

1.3 

l.t 

0.58 

0,24 

0.08 

NNN-N-oxide b 

- 

- 

- 

- 

- 

- 


- 

- 

Diol 

1.0 

0.86 

0,64 

0.93 

1.2 

1.1 

0.80 

0.48 

0.18 

Norcounine 

0.9 

0.78 

0.54 

1.0 

1.2 

1.1 

0.64 

0.26 

0.07 

Keto alcohol 

1.2 

0.97 

0,91 

0.98 

1.3 

1.1 

0.99 

0.54 

0.16 

NNN 

1.2 

1.8 

2.6 

1.0 

0.85 

0.92 

2.0 

3.3 

4.2 


*Oral tissue was incubated with 1 /iM [5- } H]NNN and NNK. NAT or 
nicotine at the indicated concentrations for 24 h and the media analyzed by 
HPLC. The values reported are the ratios of the amounts of each metabolite 
formed in these incubations to the amounts formed when oral tissue was in¬ 
cubated with (5- J H]NNN alone. 

'The level of NNN-A/-oxide in these samples was too low to measure 
changes accurately. 


apparent inhibition of keto acid formation from NNK by NNN 
is probably due to competition between unlabeled keto alcohol 
formed during the metabolism of NNN and [5- 3 H]keto alcohol 
from {5- 3 H]NNK. The reduction of NNK to NNAL was 
increased at 100 /tM NNN, probably due to the increased amount 
of NNK available. When the reverse was examined, namely the 
effect of NNK on the metabolism of NNN, the picture was quite 
different (Table HI). The amount of unmetabolized NNN 
increased 1.8 times when the concentration of NNK was 10 times 
the concentration of NNN and 2.6 times when the ratio of NNK 
to NNN was 100:1. At concentrations of 10 and 100 pM, NNK 
inhibited the formation of keto acid, diol and hydroxy acid. Keto 
alcohol formation did not change. 

The non-reciprocal effects of these nitrosamines on the 
metabolism of each other suggests that at least two different 
enzymes, with overlapping specificities, are responsible for 
a-hydroxylation of NNN and NNK. One has a high affinity for 
NNK and low affinity for NNN, since 100 /xM NNN has only 
a slight effect on the metabolism of l /iM NNK. A second 
. enzyme, which predominantly metabolizes NNN, appears to have 
some affinity for NNK, since 100 gM NNK inhibits 5'-hydroxyl- 
atidn of NNN to hydroxy acid by 50%. The product of 
2’-hydroxylation, keto alcohol, was unaffected by 100 gM NNK, 
but the levels of the secondary products of 2'-hydroxylation were 
decreased. This is probably due to inhibition of the conversion 



Nicotine Cotinine 


Fig. 3. Structures of nicotine, cotinine and NAT. 

of keto alcohol to these metabolites. The formation of norcotinine, v 
which requires 5 '-hydroxylation was also inhibited by high 
concentrations of NNK. 

NAT did not inhibit NNN metabolism even when present at 
100 times the concentration of NNN. In contrast, NNK 
metabolism was inhibited by 10 and 100 /x.M NAT. tV-Oxidation ’ | 
of both NNK and NNAL were inhibited by >50%, and the 
formation of the products of a-hydroxylation was inhibited by 
45 -61 % by 100 pM NAT. This was surprising since NAT and 
NNN (Figure 3) are more similar structurally than NAT and 
NNK. This suggests that the enzymes responsible for NNN i- 
metabolism are more specific than those for NNK metabolism, it 

Nicotine inhibited the metabolism of NNN significantly. When v 
nicotine was present at a 1:1 ratio with NNN there was a 2-fold 
increase in the amount of unmetabolized NNN and the level of 
most metabolites decreased by 20 —42%. At a ratio of 100:1 the 
metabolism of NNN was decreased by 90%. All pathways were 
affected. The metabolism of NNK was also inhibited by nicotine. ,t| 
The levels of products of both a-hydroxylation and //-oxidation ' | 
Were reduced significantly at 10 and 100 /iM nicotine. NNK J 
reduction to NNAL was unaffected. Since this pathway accounts a 
for 50 % of the metabolism of NNK while total a-hydroxylation I 
products account for only 22% of the metabolism, a 50% ] 

reduction in a-hydroxylation would result in a 11 % increase in i 
the unmetaboiized NNK. The persistent ability of the oral tissue 
to metabolize NNK to NNAL demonstrates the continued viability ; 
of this tissue in the presence of nicotine concentrations up to 

100 ftM. 

In summary, the metabolism of NNN and NNK by cultured 
rat oral tissue arc affected differently by the tobacco constituents - 
studied. Therefore, these two nitrosamines are metabolized by 
different enzymes. More importantly, nicotine, which is present 
at > 500 times the levels of NNN and NNK in smokeless tobacco, 
was a potent inhibitor of NNN metabolism. The structural 
resemblance between nicotine and NNN might result in an 
overlap in substrate specificities among the enzymes that 
metabolize these compounds. Nicotine is metabolized predomin¬ 
antly to cotinine (Figure 3) (10). The first step in this metabolism 
is microsomal oxidation to 5'-hydroxynscotine (11,12). The 
inhibition of NNN hydroxylation by nicotine suggests that this 
enzyme may be capable of metabolizing NNN. Nicotine inhibition 
of NNN and NNK activation may explain the ability of snuff 
extract to inhibit oral cavity tumor induction by NNN and NNK, 
as well as the lack of oral cavity tumor induction by snuff extract 
alone. Life-time administrations of snuff to rats in a surgically 
created lip canal does induce oral cavity tumors (13). Therefore, 
the nicotine present in snuff does not completely inhibit tumor 
formation by this tobacco product in rats. Further studies are 
necessary to understand better the metabolism of tobacco-specific 
nitrosamines and how other tobacco constituents effect their 
metabolism. This is important in order to design appropriate 
animal models in which to study the mechanism of orai cavity 
carcinogenesis. 
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